Introduction
The measurement of the QT interval on electrocardiogram (ECG) represents a marker of global ventricular repolarization in vivo. 1, 2 The QT interval duration is known to be sensitive to many and various factors. [3] [4] [5] The heart rate and, particularly, the duration of the preceding cardiac cycles are the primary sources of QT changes. 1, 2, [5] [6] [7] [8] [9] The autonomic nervous system (ANS), which can act directly at the cellular level or indirectly through modulation of heart rate, is also an important source of QT changes. This has been well illustrated by the prolongation of the QT interval duration observed during sleep independent of heart rate that has been recognized as a consequence of the circadian changes in sympathovagal balance. 3, 4, [9] [10] [11] Another important factor that can influence the relationships between QT interval and the preceding cardiac cycle is the time delay required for the QT interval to complete a full adaptation after an instantaneous change in heart rate. This "QT delay" phenomenon has been documented in animals and in humans and the time required to achieve the full adaptation to a change in cardiac cycle length has been estimated to be between 2 and 3 minutes in humans. 12 QT delay can influence the relationship between the QT interval and the preceding cardiac cycle length (QT-RR). Indeed, since a part of the QT rate adaptation follows RR changes with a time lag, a lower QT-RR relationship may be expected in the presence of a high beat-to-beat heart rate variability.
Abnormalities of ventricular repolarization present several prognostic clinical implications in myocardial infarction, in long QT syndromes, or in sudden infant death syndrome, particularly as a marker of the propensity for cardiac arrhythmia. [13] [14] [15] [16] Thus, investigating the respective contribution of interdependent factors such as heart rate, sympathetic tone, heart rate variability (HRV), and QT delay phenomenon on the QT interval duration appears to be important in understanding cardiovascular pathophysiological settings.
The aim of this study was to test in normal conscious dogs if changes in sympathetic tone still influenced the RT-RR relationship when full RT adaptation is completed, when heart rate is controlled, and when beat-to-beat variability is abolished. We have, thus, inspected the effects of blockade and stimulation of sympathetic drive on the QT interval duration with and without atrial pacing. The latter condition was used to evaluate the effects of sympathetic manipulations independently of heart rate change and time delay in QT rate adaptation.
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Methods Materials
The study was conducted using eight adult healthy dogs (Fauves de Bretagne, weight 8-11 kg). Experimental procedures and postoperative care of animals was approved by the Ethics Committee of SmithKline Beecham Laboratoires Pharmaceutiques and are in compliance with National Institutes of Health (NIH) guide for the care and use of laboratory animals (NIH Publication no. 85-23, revised 1996) for the use of experimental animals. Prior to the surgical procedure, a standard ECG (leads I, II, III) was recorded in all animals at rest to check for normal repolarization and conduction pattern.
Surgical Procedure
Dogs premedicated with amoxicillin (1.0 g, intramuscularly [IM] , Clamoxyl, SmithKline Beecham, Nanterre, France) were anesthetized with sodium pentobarbitone (30.0 mg/kg, intravenously [IV] , Pentobarbital, Sanofi, Gentilly, France) and ventilated with room air (Harvard 613 ventilator, Harvard Apparatus, South Natick, MA, USA). Under sterile conditions, a left thoracotomy was performed through the fourth intercostal space to expose the heart. Pairs of stainless steel pacing electrodes (MFEP 19, Ethicon, Neuilly/Seine, France) were sutured on the left atrial appendage. The pericardium was closed and the surgical incision was repaired. Two implantable electrodes were subcutaneously positioned at the top of the right foreleg and the top of the left hindleg to record a lead II ECG. All wires were subcutaneously tunneled to the neck and exteriorized between the scapulae. At the end of surgery, antibiotherapy was performed and analgesia (buprenorphine 0.3 mg, IM, Temgesic, Schering Plough, Levallois-Perret, France) was given as required. Dogs were allowed to recover for 3 weeks at least before starting ANS manipulations and data acquisition. 
Atrial Pacing
Atrial pacing was performed using a Grass programmable stimulator (S8800, Grass Instruments, Quincy, MA, USA) connected to isolation units (SIU-5, Grass). Rectangular impulses (4-ms duration) were applied with an amplitude 1.5-fold the stimulation threshold (range 6.4-10.2 V). Six consecutive pacing steps of 5-minute duration each were performed. The pacing rate was increased stepwise with a programmed instantaneous switch between each step (pacing cycle length 545, 500, 460, 430, 400, and 353 ms). An initial pilot study demonstrated no difference between stepwise and random increases in pacing rate (data not shown).
Data Acquisition
Electrocardiographic data were recorded with a digital ambulatory Holter ECG recorder (Burdick PC card recorder 6632; Burdick Inc., Milton, WI, USA) while the dog was lying quietly on the bench. Lead II obtained from implantable electrodes was used for ECG analysis.
Study Design
All recordings were performed in the morning (9-12 AM), the animals being awake and quiet in a soundproof room. The experimental protocol (51-minute total duration) has been summarized in Figure 1 . A 5-minute period of spontaneous heart rate was recorded before atrial pacing. Fifteen minutes after the end of atrial pacing, a sequence of physiological sympathetic stimulation was performed. This mental stress consisted in a 1-minute continuous noisy vocal incitation, which maintained a significant tachycardia (increase in heart rate . 20%) in controlled conditions. The duration was limited to avoid the adaptation of heart rate that occurred with prolonged exposure (. 90 s). No adaptation phenomenon was observed when vocal incitation was repeated. The ECG was recorded continuously during the whole protocol. This experimental protocol was followed in the basal state (control: isotonic saline infusion) and was repeated after pharmacological autonomic manipulations in a randomized manner. A 48-hour washout period was observed between each condition.
To achieve b1-adrenergic blockade, atenolol (Sigma Chemical Co., St. Louis, MO, USA) was administered for 30 seconds at a dose of 2 mg/kg, IV. 22 The drug was administered 15 minutes before the ECG recordings.
To achieve a1-adrenergic blockade, 0.5 mg/kg of prazosin (Sigma) was administered for 30 seconds, 20 minutes before the ECG recordings. Reinjection of a maintenance dose of prazosin (0.25 mg/kg) was performed every 45 minutes. 23 In a pilot study, atropine was used to achieve parasympathetic blockade. Atropine induced a high increase in heart rate that did not allow the atrial pacing protocol nor data analysis (data not shown) to be performed. Consequently, the effect of atropine could not be evaluated in the present study.
Four experimental conditions were thus studied: control, atenolol, prazosin, and atenolol 1 prazosin. All conditions were tested during spontaneous heart rate and atrial pacing.
ECG Processing
ECG recordings were acquired with a digital recorder at the sampling frequency of 1,000 Hz and amplitude resolution of 12 bits. The ECG signal (stored on a removable hard disk PCMCIA card) was transferred to a standard personal computer. Beat-to-beat analysis of ECG was performed with an algorithm developed and validated in the Holter Laboratory of Lariboisiere Hospital as previously described. 24, 25 The algorithm executes the following series of beat-to-beat steps: detection of QRS complex, estimation of a dynamic isoelectric line which was removed from the measured ECG, low pass ECG data filtration, and detection of the end of the T wave. On the basis of all cursors automatically detected, the algorithms provided beat-to-beat time series of RR intervals (from QRS apex to next QRS apex) and RT interval (from QRS apex to end of T wave) as a surrogate of the QT interval. However, all ECG tracings and relative fiducial points were visually inspected and all misplaced cursors were even rejected (leading to missing data in the beat-to-beat sequences) or manually adjusted.
In each case, a 5-minute period of spontaneous heart rate was analyzed before atrial pacing. During atrial pacing the analysis was performed on the last minute of each 5-minute period to avoid the effects of the delay in adaptation of QT duration. 12 During mental stress, the parameters were analyzed during a 1-minute period that began after 15 seconds of stimulation and lasted for the rest of the vocal incitation period.
The analysis of HRV was performed using time-domain analysis on the 5-minute periods except during sequences of vocal incitation where it was performed on only the 1-minute periods. Mean RR, standard deviation (6 SD), and root mean square successive differences (rmssd) (which represents the square root of the mean of the sum of the squares of differences between adjacent normal RR intervals) were recorded. SD reflects global HRV and depends on the influence of sympathetic and parasympathetic drives. The rmssd reflects the respiratory sinus arrhythmia that depends principally on parasympathetic input. 26 The relative short-term RT variability was studied as proposed by Raeder et al. 27 using the calculation of the adjustment of the first RT interval following a cycle change as follows: DRT/DRR (ms/ms) 5 (RT-RT -1 ) / (RR-RR -1 ), where RT -1 and RR are the immediately preceding intervals and RT -1 is the cycle length preceding RR.
Statistical Analysis
Statistica software (Statistica for Windows, StatSoft Inc., Tulsa, OK, USA) was used, and data are expressed as mean value 6 SD. Linear regression analysis with the least mean square method was used to study the beat-to-beat relationship between RT duration and the preceding cardiac cycle length during spontaneous heart rate (RT-RR) and during atrial pacing (RT-RRp). In all dogs, to compare the RT-RR slopes during spontaneous heart rate and during atrial pacing we only used data obtained at the same selected mean and range of RR (mean 448 6 10 ms, range 353-545 ms).
A nonparametric variance analysis (KruskallWallis test) followed by posthoc Wilcoxon test was performed when appropriate. A P value , 0.05 was considered statistically significant.
Results
All the experiments were performed with the eight instrumented dogs. The initial standard ECG of each dog showed normal patterns of repolarization and conduction. 
Spontaneous Heart Rate
The effects of autonomic manipulations are summarized in Table I . In the control state the calculated RT-RR slope value was 21.9 6 10.2 10
with a correlation coefficient of 0.40 6 0.20. Application of a vocal incitation decreased mean RR, SD, rmssd, and RT duration. The RT-RR slope and r coefficient were significantly increased. Atenolol produced opposite results with an increase in mean RR, SD, rmssd, and RT duration and a decrease in RT-RR slope, DRT/DRR, and r coefficient. Although prazosin caused initial reflex tachycardia during the 20-minute stabilization, prazosin administered alone did not significantly alter any parameter (except SD) during the control state nor during the vocal incitation. As expected, the effects of the vocal incitation were abolished after infusion of atenolol alone or after atenolol 1 prazosin. The effects of atenolol 1 prazosin were compared with those of prazosin alone. We observed an increase in mean RR (P , 0.05) and a decrease in RT-RR slope and DRT/DRR (P , 0.05) but no significant modification in HRV parameters (rmssd and SD).
Atrial Pacing
The results of changes in autonomic conditions are summarized in Table II . In the control state, the RT-RRp slope value was 95 6 25 10
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with a correlation coefficient of 0.76 6 0.10. The RT-RRp relationship was not modified with any of the pharmacological manipulations (atenolol, prazosin, or atenolol 1 prazosin).
Comparison Between Spontaneous Heart Rate and Atrial Pacing
Comparisons were performed for the same range of cardiac cycle lengths (Table II and Fig. 2 ). In the control state, the RT-RRp slope was steeper for each dog during atrial pacing and the RT duration was better correlated to the preceding cardiac cycle length during atrial pacing than during spontaneous heart rate. The same results were noted after prazosin administration. No comparison was possible after atenolol administration due to the different range of RR duration.
Discussion
We observed that, in sinus rhythm, sympathetic stimulation determined a significant increase Selected data observed from the same range of heart rate (353-545 ms). * P , 0.05 vs pacing; ** P , 0.01 vs pacing. RT 5 RT interval measured from QRS apex to end of T wave; r 5 correlation coefficients.
crease of QT rate dependence after administration of nadolol or propranolol. 27, 28 We found the same results in conscious dogs after acute administration of atenolol during spontaneous rhythm. The low RT-RR relationship observed after b-adrenergic blockade was associated with a low relative shortterm RT variability (calculated by DRT/DRR). This is consistent with the observation of Sarma et al. 8 who studied humans after nadolol administration. Indeed, these authors reported that the increase in variations of RR intervals duration were not associated with any increase in variations of QT interval duration. During atrial pacing we found that the rate dependence of RT is not altered after atenolol administration. This result is in agreement with the absence of significant effect of propranolol infusion on QT-RR slope reported during atrial pacing in humans. 6 These apparent discrepancies concerning the effects of b-adrenergic blockade on the RT-RR relationship between sinus rhythm and atrial pacing could be explained by different mechanisms. The first hypothesis could be that the QT interval loses the ability to lengthen when the spontaneous RR interval is sufficiently prolonged by b-adrenergic blockade. This is suggested by the monoexponential relationships described between QT and RR. 25 This mechanism could explain the low RT-RR relationship and the low relative short-term RT variability observed in the present work when the RR interval is prolonged by b-adrenergic blockade. During atrial pacing the same RR interval durations were studied. These RR intervals were shorter than in physiological conditions. In such a situation, the fact that atenolol does not modify the RT-RR relationship could also be simply explained if we consider that RT depends primarily on the absolute value of the preceding RR.
HRV alone cannot explain the variations in the RT-RR relationship. We observed significant differences in RT-RR relationships between prazosin and atenolol 1 prazosin during sinus rhythm despite a similar HRV. Therefore, it is not possible to conclude that HRV has a direct effect on the RT-RR relationship. However, in the other conditions the observations that when HRV decreased the RT-RR slopes increased (during sympathetic stimulation or atrial pacing) and when HRV increased the RT-RR slope decreased (after atenolol administration) may suggest an involvement of HRV in association with other mechanisms.
It has been demonstrated that the changes in cycle length observed during sinus rhythm affects the duration of ventricular repolarization of several subsequent beats in humans. 27 This observation that a time delay is required for the full adaptation of the repolarization has been quantified after sustained changes in cardiac cycle length. 12, 18 Using this method, Zaza et al. 29 have reported a de-PLADYS, ET AL.
of the slope of the RT-RR relationship whereas atenolol caused a reduction, thus, confirming previous results. 28 Atrial pacing abolishes the RR fluctuations and can be used to change the heart rate independent of autonomic tone. The RT interval was analyzed after 4 minutes of fixed heart rate to abolish the effects of the time delay required for a full adaptation of QT duration. Therefore, our results on the influence of ANS on the RT-RR relationship are independent of the effects of ANS on the heart rate modulation and on the time delay for QT rate adaptation. The main findings of the present study that was performed in quiet conscious dogs are that (1) the RT-RR relationship is steeper during atrial pacing than during sinus rhythm, and (2) the RT-RR relationship is no longer modulated by sympathetic tone when the heart rate is controlled by atrial pacing. These results suggest that the heart rate modulation (effect of ANS at the sinoatrial node level), alone or together with the time delay in QT rate adaptation (effect of ANS at the ventricular level), 29 explains the influences of sympathetic tone in the determination of RT-RR relationship.
b-Adrenergic blockade has been widely used in clinical conditions to diminish sympathetic induced cardiac arrhythmia. For example, it was used to treat the long QT syndrome and experimental reports have demonstrated its beneficial effects, but the mechanisms involved in the antiarrhythmic effect of b-adrenergic blockade are still unclear. 30 Studies performed in humans have shown a de- crease in adaptation of endocardial action potential duration after left stellectomy suggesting the possibility of an effect of ANS on the QT delay. If an important part of the RT adaptation is delayed, it becomes plausible that an attenuation of the changes in the RT intervals could result from marked opposite variations of RR duration. This could explain the weak RT-RR relationship and the low RT relative variability observed after badrenergic blockade during spontaneous rhythm. In this hypothesis, when heart rate variations are decreased (atrial pacing or stress) the changes in RR intervals could not exert opposite effects on the following RT intervals. This could lead to a more achieved RT adaptation and, consequently, to an increase in the RT rate dependence. We cannot definitely conclude about the relevance of this hypothesis from the present study because we were unable to demonstrate to what extent the adjustment of RT depends on each of the preceding RR -n during spontaneous rhythm. We observed that the relationships between RT and the preceding RR were weaker in conscious dogs than those reported in humans. Therefore, this relationship has not been established between RT and the preceding RR -n (data not shown). Moreover, the magnitude of interbeat variations of RT was small and it has been recently shown that only 66 6 2% of RT variability was driven by RR variability in young humans and only 26 6 4% in older subjects. 31 a-Adrenergic receptors have been proposed to play a prominent role in ventricular repolarization and cardiac arrhythmia. 23 Prazosin is an a1-adrenergic blocking substance known to decrease the cesium induced early after depolarization and ventricular arrhythmia in dogs. 32 In the present study, prazosin administration did not modify the RT-RR relations in normal conscious dogs. This may suggest that the mediation of the antiarrhythmic effect of a1-blockade is not dependent on RT rate adaptation, but we cannot rule out the possibility of an a1-adrenergic influence in cases of abnormal ventricular repolarization.
We used vocal incitation as a surrogate mental stress. As expected, we observed a decrease in RR, RT interval duration, and rmssd. This was associated with an increase in the RT-RR relationship with no significant modification in the relative short-term RT variability. As atenolol blockade only, but not prazosin, was able to inhibit the effect of vocal incitation, it is likely that the beta but not the a1-adrenergic receptors are involved in this type of sympathetic stimulation effect. From the present results, it was not possible to establish if vocal incitation caused a decrease of RT duration dependent on the tachycardia alone or also on a direct effect on the ventricular repolarization. Several other experimental data may suggest such a direct effect. 17, 33, 34 The apparent increase in the dependence of the RT interval on the preceding RR has to be interpreted cautiously. Indeed, the increase in the RT-RR relationship was not associated with an increase in the relative short-term RT variability suggesting an absence of significant modification in the short-term adaptation of the repolarization. Therefore, it is possible that the increase in the RT-RR relationship involves a long-term adaptation phenomenon that could result from the conjunction of low heart rate variability and QT delay.
There are some methodological implications of our findings. Our results confirm the limitation of the "correction formulae" that have been proposed to adjust QT interval duration for differences in heart rate. 1, 5, 7, 8 These corrections do not consider the possible contribution of HRV and of QT delay and the range of RR interval studied. This could lead to wrong assessments concerning the effect of different interventions on QT interval duration. The potential clinical implications of our findings concern cardiac arrhythmia. Low HRV and a lack of adaptation of QT duration, specially in response to adrenergic stimulation, has been proposed to be involved in the genesis of cardiac arrhythmia and sudden death. 35 From our results we can speculate that most of the effects of sympathetic tone on the RT rate adaptation are mediated by the heart rate modulation and/or the time delay in QT rate adaptation, but further studies are required to delimit the respective role of each of these phenomena. The conjunction of these two phenomena could influence the quality of the QT adaptation in response to an abrupt change in heart rate and could, therefore, be involved in the occurrence of cardiac arrhythmia. An enhanced short-term adaptation could reduce the number of reactivations required for the tissue involved in a functional reentrant pathway to reach its final refractoriness, on the opposite a prolongation could facilitate the R on T phenomenon after an abrupt increase in heart rate. 27 
Limitations of the Study
The resting heart rate in quiet dogs is similar to that of humans although this may be due to a higher parasympathetic tone, because in healthy dogs at rest the sinoatrial node activity is mainly under vagal control. This explains the great HRV observed in dogs as compared to that described in humans. Nevertheless, this model is particularly relevant to study the role of heart rate modulation. HRV parameters were analyzed on 5-minute periods except during vocal incitation where it was performed on only 1-minute periods. In this situation, it was impossible to prolong recordings in stable conditions due to the occurrence of heart rate adaptation to mental stress. We believe that the fact that HRV was analyzed only during the 1-minute period during vocal incitation did not affect the main results of the present study, which principally considered high frequency variability. Indeed the duration of the period of monitoring is essentially known to affect the standard deviation that is an index of global time-domain variability (the total variance increases with the length of the recording). 36 The algorithm developed for ECG analysis measures the duration of the interval comprised between the beginning of the R wave and the end of the T wave and not really the QT interval. This does not represent a real limit because we did not observe any variation in the QR interval for the dogs we studied. Our ECG processing allows a precise standardized beat-to-beat RT duration measurement that can be considered a valid index of ventricular repolarization. The use of linear regression analysis is allowed only for a RR interval duration . 350 ms, thus taking into account the range of cardiac frequencies. 26 
